Abstract. Nutrient pollution constitutes a major threat to biodiversity, one whose magnitude is predicted to increase greatly in the near future. While the negative effects of excessive nitrogen and phosphorus loading on local species diversity are widely appreciated, a growing body of evidence indicates that increases in productivity (a correlate of nutrient supply) can also reduce predictability in community composition by driving community divergence and increases in beta diversity (or compositional dissimilarity among communities). Stochastic variation in dispersal history has frequently been cited as a cause of such patterns. However, underlying mechanisms have not received strong experimental scrutiny. I present results of a microcosm experiment testing the effects of enrichment and dispersal mode on zooplankton community structure. I show that beta diversity increases with enrichment but only in the presence of sequential dispersal and variation in dispersal history. Sequential dispersal and enrichment enhanced beta diversity by driving increases in temporal compositional turnover (or beta diversity in time). These results suggest that nutrient enrichment and dispersal may have interactive effects on community organization by facilitating persistent compositional flux and reducing our ability to predict the structure of communities in both space and time.
INTRODUCTION
A fundamental question in ecology is the degree to which the assembly of natural communities proceeds in a predictable and deterministic manner. Communities whose structure is strongly guided by random or chance events offer little prospect of predictability in either space or time. Hence, comprehending the conditions that promote stochastic community assembly is of vital importance from an applied perspective, influencing our ability to effectively manage natural resources and predict the attainment of restoration goals. A commonly used indicator of stochastic forces at play is the degree of compositional dissimilarity or beta diversity displayed among local communities with equivalent abiotic environmental conditions (Chase 2010, Chase and Myers 2011) . Emerging evidence from natural communities indicates that beta diversity may increase with increasing productivity (Chase and Leibold 2002 , Chalcraft et al. 2004 , Harrison et al. 2006 , Bai et al. 2007 , Gardezi and Gonzalez 2008 . However, determination of the processes that give rise to these patterns remains largely unresolved. As ecosystem productivity is commonly linked to the availability of inorganic phosphorus or nitrogen (Schindler 1977 , Vitousek et al. 1997 , elucidation of these underlying mechanisms holds important implications for our ability to predict future trajectories of biodiversity loss and compositional change given increasing threats that many natural communities face from anthropogenic nutrient pollution (Vitousek et al. 1997 , Carpenter et al. 1998 , Millennium Ecosystem Assessment 2005 , Canfield et al. 2010 ).
Deterministic models of community assembly emphasize the overarching importance of niche differentiation, interspecific trade-offs, and the interplay between species interactions and environmental filters as determinants of community organization and species coexistence (Weiher and Keddy 1995 , Chase and Myers 2011 , Weiher et al. 2011 . Such deterministic processes can give rise to beta diversity due to underlying spatial variation in environmental conditions, which may limit community membership directly (by selecting for species with different environmental optima and tolerances) or indirectly by influencing the outcome of species interactions (Chase and Myers 2011 , Harrison et al. 2011 , Weiher et al. 2011 . Hence, observed positive correlations between beta diversity and productivity in nature could be driven by increases in spatial heterogeneity in abiotic factors. In the absence of such environmental heterogeneity, however, divergence in community structure among localities has been attributed to historical contingency, such as variation in dispersal history, dispersal limitation, or stochasticity in demographic or environmental parameters (Chase 2003 , 2010 , MacDougall et al. 2008 , Chase and Myers 2011 1 E-mail: csteiner@wayne.edu 2011). Despite the general appeal of this idea, there are few models that predict a monotonic increase in the importance of history or stochasticity on beta diversity with increasing productivity. For instance, priority effects and alternative stable states have been cited as potential explanations for covariation between beta diversity and productivity Leibold 2002, Chase 2010 ). Yet, conventional alternative states models predict that the capacity of chance events to produce alternative community compositions should show a unimodal relationship with productivity (e.g., Holt and Polis 1997 , Chase 1999 , Diehl and Feissel 2000 , Scheffer et al. 2003 , Brauer et al. 2012 . Two hypotheses may account for observed positive correlations between productivity and beta diversity: dynamic instability and dynamic community assembly. The latter hypothesis was proposed by Steiner and Leibold (2004) . Their model shows that random variation in dispersal history can cause monotonic increases in beta diversity with increasing productivity by increasing temporal compositional turnover (or temporal beta diversity). Temporal turnover in species composition commonly emerges in models of multitrophic community assembly in which generalist consumers sequentially disperse into local communities from a common regional species pool (Morton and Law 1997 , Fukami 2004 , Schreiber and Rittenhouse 2004 , Steiner and Leibold 2004 . Such assembly cycles arise when colonizing species replace or alter the numerical dominance of resident species via apparent competition and exploitative competition, which in turn facilitates invasion by subsequent migrants (see Schreiber and Rittenhouse [2004] for clear examples of assembly cycles in simple model food webs). In contrast to many alternative stable states models in which temporal compositional turnover is predicted to diminish once stable community states have been attained, assembly cycles exhibit persistent turnover in composition over time. This can give rise to spatial beta diversity if communities differ in their colonization histories and resultant patterns of temporal turnover (Steiner and Leibold 2004 ). Steiner and Leibold (2004) show that increasing productivity increases the capacity for dispersal to drive temporal beta diversity. Hence, both temporal and spatial beta diversity are predicted to increase with productivity, while local species diversity is predicted to decline as increasing temporal turnover decreases both species evenness and richness (Steiner and Leibold 2004 ). An important element of these models is that species disperse sequentially into local communities. Simultaneous dispersal reduces the propensity of systems to display temporal turnover, causing communities to converge on point attractors (Schreiber and Rittenhouse 2004) ; a supplemental model analysis in Appendix A shows that this prediction holds when using the model framework of Steiner and Leibold (2004) .
Increasing beta diversity with increasing productivity may also arise through dynamic instability. Simple consumer-resource models frequently predict that increasing productivity or enrichment can destabilize communities by generating chaotic dynamics or population cycles of increasing amplitude (Rosenzweig 1971 , Gilpin and Rosenzweig 1972 , May 1972 , Abrams and Roth 1994 , McCann and Yodzis 1994 , Fussmann et al. 2000 . Thus, increasing productivity is predicted to increase temporal beta diversity and reduce local diversity at any point in time due to reduced species evenness. As both dynamic behaviors, cycles and chaos, are deterministic, these models generally predict no change in spatial beta diversity with increasing productivity. However, dynamic instability makes communities sensitive to the effects of historical contingency and stochasticity on compositional dissimilarity. For instance, in chaotic systems, differences in initial species abundances will generate divergent community trajectories and compositional variation (Hastings et al. 1993) . Similarly, variation in initial conditions in communities experiencing cycles will give rise to communities in different phases of their dynamic trajectories, promoting beta diversity. Thus, dynamic instability models make similar predictions to those of dynamic assembly in that variation in dispersal history promotes spatial beta diversity with increasing productivity. Both also predict that local diversity may decline at high levels of productivity while diversity summed across communities is less affected due to increasing compositional dissimilarity among communities (Leibold 1999 , Chase and Leibold 2002 , Chase 2010 . The two hypotheses differ in their predictions of temporal beta diversity, with dynamic instability predicting increasing temporal turnover with increasing productivity regardless of dispersal mode or history. In contrast, temporal turnover is predicted to emerge more readily in the presence of sequential dispersal events in models of food web assembly.
Strong experimental tests of the effects of dispersal history on spatial beta diversity require three fundamental ingredients. First, all species must have an equal opportunity to invade each local community; failure in this regard can give rise to spurious patterns of beta diversity. Second, in order to determine whether temporal beta diversity increases with productivity and is driven by stochastic dispersal history, temporal turnover of species composition must be assessed while species are actively dispersing to local patches but after all species have had at least one opportunity to invade each local community. Hence, each species must experience multiple invasion attempts. Finally, models of dynamic assembly and dynamic instability make contrasting predictions regarding temporal beta diversity, with the former predicting temporal turnover only in the presence of sequential species dispersal. Thus, manipulations of sequential dispersal history should include controls in the form of nonsequential dispersal of species into local patches. This contrast is also useful since prior work has shown that increasing productivity can generate community divergence and spatial beta diversity in the absence of sequential dispersal events (Warren and Weatherby 2006, Houseman et al. 2008) .
While a handful of studies have explored the effects of dispersal history and productivity on community structure and beta diversity (Fukami and Morin 2003 , Chase 2010 , Jiang et al. 2011 , I know of none that have employed all three of the experimental criteria outlined above. I present results from a controlled, laboratory experiment in which I tested the effects of dispersal mode (sequential dispersal vs. simultaneous dispersal) and productivity (in the form of a nutrient enrichment gradient) on beta diversity of zooplankton communities. I provide evidence that sequential dispersal, random variation in dispersal history, and productivity cause increases in spatial beta diversity, and this effect is correlated with temporal compositional turnover. Increases in temporal turnover with productivity only emerged in the sequential dispersal treatments, consistent with models of dynamic assembly.
METHODS
The experiment was conducted indoors in an environmentally controlled greenhouse using 20-L plastic containers filled with 18 L of aged tap water. Containers received light 24 h per day from overhead fluorescent fixtures and were periodically mixed using aeration to resuspend phytoplankton and prevent hypoxia. The experimental design consisted of a dispersal manipulation (stochastic sequential dispersal vs. simultaneous dispersal of all zooplankton species) crossed with a productivity gradient in the form of five levels of phosphorus enrichment. Treatments were randomized in the room. The zooplankton species pool consisted of six species of Cladocera that were known to be common in natural ponds in southern Michigan (Steiner 2004) : Daphnia pulex, Scapholeberis mucronata, Ceriodaphnia reticulata, Chydorus sphaericus, Bosmina longirostris, and Diaphanosoma brachyurum. All taxa were collected from area ponds and maintained as isogenic culture lines in the laboratory. Dispersal events occurred once every 35-42 d, allowing for numerical responses between invasion attempts. Simultaneous dispersal treatments received all six zooplankton species from laboratory cultures during each dispersal event (10 individuals per species per container). The sequential dispersal treatment consisted of six different sequences of zooplankton introduction, each performed across all five productivity levels (Appendix B: Table B1 ). For each sequential dispersal event, two species were introduced to a container at a time (10 individuals per species per container). Sequence compositions were semirandomly chosen with the constraints that each species was present in two sequences for each dispersal event and each species had one opportunity to invade each container during one sequence. I performed two rounds of each dispersal sequence for a total of six dispersal events and two invasion attempts per species per container. For statistical analyses, each of the six invasion sequences acted as a replicate at each productivity level in the sequential dispersal treatments. The simultaneous dispersal treatments received six replicate containers per productivity level for a total of 60 containers. Note that zooplankton cultures were all maintained with the same species of algae; however, bacterial composition was unknown. Hence, the sequential dispersal treatments may have also experienced variation in bacterial dispersal history.
The productivity treatment consisted of five phosphorus levels of 10, 100, 200, 350, and 500 lg P/L, achieved through additions of K 2 HPO 4 . This spanned the natural range of total phosphorus observed in ponds in the region (Leibold 1999 , Steiner 2004 . To lower baseline phosphorus levels in the experimental medium, tap water was allowed to age for 48 h in holding tanks in the dark, then filtered continuously for 24-48 h through Phosban phosphate removal media (Two Little Fishes, Miami Gardens, Florida, USA), which lowered concentrations to less than 5lg P/L. Because nitrogen is commonly colimiting in freshwater systems, NaNO 3 was added to all containers to maintain a fixed N:P mol/L ratio of 50:1 and phosphorus limitation across treatments. To further ensure that phosphorus remained the primary limiting nutrient across treatments, I also added the ingredients of COMBO medium (minus phosphorus and nitrogen) at half standard concentrations to all containers (Kilham et al. 1998) .
At the start of the experiment, all containers were inoculated with Ankistrodesmus falcatus from laboratory cultures (the same alga used to maintain the zooplankton cultures) plus a diverse phytoplankton assemblage collected from 14 area ponds that spanned a range of total phosphorus comparable to the range used in the experiment. I filtered 500-mL pond water samples through a 30-lm mesh sieve to remove zooplankton, then pooled and redistributed them equally among all experimental containers. One week following phytoplankton additions, zooplankton additions were initiated (referred to as day 0 of the experiment). Beginning two weeks after the first zooplankton additions, I performed weekly sampling by removing two liters of medium from each container and replacing it with fresh medium of appropriate nutrient concentration. Thus, the communities were maintained as semicontinuous cultures. One and a half liters of the removed water served as a zooplankton sample. Zooplankton were preserved in acid Lugol's solution and later enumerated using a stereomicroscope. Container walls were scrubbed once weekly with brushes to minimize algal and bacterial growth. The experiment was terminated after 224 d, 36 d after the last dispersal event.
Statistical analysis
Statistical analyses were performed using R version 2.15 (R Development Core Team 2011). I focused analyses on data collected over days 112-224, corresponding to the period after which the first round of sequential invasions had been completed. To quantify local species diversity, I used the Shannon index for each sample date and then averaged values over time for each container. I also measured diversity across communities for the sequential and simultaneous dispersal treatments by calculating the Shannon index based on species abundances summed across containers at each productivity level. Across community diversity was then averaged over time. The dynamic instability hypothesis predicts that temporal variability of populations increases with increasing productivity. To measure variability, I used the coefficient of variation (CV) of species abundances over time. The CV was quantified for each species separately within each community (only populations with more than four nonzero abundances over the sample period were included); values were then averaged across species to obtain mean temporal population variability for each container. To quantify temporal beta diversity within each container, I used the Bray-Curtis index of dissimilarity based on zooplankton abundances as a measure of weekly turnover and then averaged these values over time for each container. To measure spatial beta diversity, I used Bray-Curtis dissimilarities and the betadisper function in the vegan package (Oksanen et al. 2010) ; this function performs a principal coordinate analysis of species compositions for a group of communities and for each returns a distance from the group centroid as a measure of multivariate community dispersion. For each productivity level and sample date, I calculated dispersion distances among the six replicate containers of the simultaneous dispersal treatment and among the six sequential dispersal treatment containers. I then averaged these values over time for each container for statistical analyses. Treatments whose dispersion distances were on average higher were indicative of communities whose compositions differed more from each other and thus had higher spatial beta diversity. One concern when interpreting results using the Bray-Curtis index is that dissimilarity can be driven by changes in species abundances independent of changes in species relative abundances or evenness. However, in my study dispersion distances calculated with abundance-based Bray-Curtis dissimilarity were strongly correlated with dispersion distances calculated using relative abundance-based Bray-Curtis dissimilarity (R ¼ 0.91, P , 0.0001, Pearson correlation); measures of temporal turnover using abundances and percent relative abundances were also strongly correlated (R ¼ 0.81, P , 0.0001, Pearson correlation).
Because some models predict unimodal relationships between some of the response variables and productivity, I included quadratic terms for phosphorus concentration in the statistical analyses, analyzing the effects of dispersal mode, phosphorus concentration, the quadratic effect of phosphorus concentration, the interaction between dispersal mode and phosphorus concentration, and the interaction between dispersal mode and the quadratic term. Unless otherwise noted, quadratic terms and interactions have been removed for cases where effects were not statistically significant at P , 0.10. Temporal beta diversity and spatial beta diversity measures (multivariate dispersion distances) were bounded between 0 and 1 and were thus analyzed using GLM with a quasibinomial error distribution and a logit link function. Mean temporal population variability, local diversity, and across community species diversity were analyzed using ANCOVA. Diversity and population variability measures met assumptions of normality and homogeneity of variances tested with Lilliefor's and Levene's tests, respectively. Treatment effects on zooplankton species composition were analyzed using permutational MANOVA and visualized using nonmetric multidimensional scaling in the vegan package; distances were based on Bray-Curtis dissimilarities of time-averaged species abundances.
RESULTS
Nutrient treatments were successful in raising ecosystem productivity as indicated by significant increases in total zooplankton abundance (P , 0.001, R 2 ¼ 0.42, linear regression of time-averaged log 10 [abundance]). Local species diversity responded nonlinearly to productivity but the strength of the response varied with dispersal mode (Appendix B : Fig. B1) ; a significant interaction between dispersal mode and the productivity quadratic term was detected (P ¼ 0.029, F 1,54 ¼ 5.029, ANCOVA). When analyzing dispersal treatments separately, a negative quadratic term was detected in the simultaneous dispersal treatment (Appendix B: Fig. B1 ; quadratic coefficient, P ¼ 0.01; model, P ¼ 0.011; R 2 ¼ 0.23, linear regression) but not the sequential dispersal treatment (quadratic coefficient, P ¼ 0.45, linear regression). Local diversity instead showed a negative relationship with productivity in the sequential dispersal treatment (Appendix B: Fig. B1 ; P ¼ 0.033, R 2 ¼ 0.12, linear regression). Statistical power was much more limited for the across community diversity responses. However, results were qualitatively similar to the local diversity responses. There was a weak interaction between dispersal mode and the productivity quadratic term (P ¼ 0.09, F 1,4 ¼ 5.159, ANCOVA). Analyzing the dispersal treatments separately, a significant negative quadratic term was detected in the simultaneous dispersal treatment (Appendix B: Fig. B1 ; quadratic coefficient, P ¼ 0.02; model, P ¼ 0.028; R 2 ¼ 0.04, linear regression). No relationship with productivity was detected in the sequential dispersal treatment (Appendix B: Fig. B1 ; quadratic coefficient, P ¼ 0.99, linear regression; P ¼ 0.21, linear regression with the quadratic effect removed).
Both productivity and dispersal mode significantly affected zooplankton species composition (productivity effect, P , 0.001; dispersal effect, P ¼ 0.035, permutational MANOVA). This was clear when examining results from the NMDS analysis of time-averaged species abundances (Fig. 1) ; communities separated as a function of enrichment level (most evident as variation along axis 1 within the simultaneous dispersal treatment) and whether communities experienced simultaneous vs. sequential dispersal. Also apparent in Fig. 1 was a greater dissimilarity in community composition (greater spread among points) within the sequential dispersal treatments (Fig. 1B) compared to the simultaneous dispersal treatments (Fig. 1A) , indicative of higher spatial beta diversity. When analyzing multivariate community dispersion distances averaged over time, there was a significant main effect of dispersal mode ( Fig. 2 ; P , 0.0001, F 1,56 ¼ 28.54; GLM, quasibinomial errors); time series of dispersion distances can be found in Appendix B: Fig. B2 . While no main effect of productivity was detected (P ¼ 0.23), the effect of productivity on multivariate dispersion varied with dispersal mode (Fig. 2 ; dispersal 3 productivity interaction, P ¼ 0.048, F 1,56 ¼ 4.10; GLM, quasibinomial errors). When analyzing results for the two dispersal treatments separately, no relationship between community dispersion distance and productivity was detected for the simultaneous dispersal treatment ( Fig. 2 ; P ¼ 0.44, GLM, quasibinomial errors). However, a positive trend was evident in the sequential dispersal treatment ( Fig. 2 ; P ¼ 0.060, F 1,28 ¼ 3.84, GLM, quasibinomial errors). Thus, spatial beta diversity appeared to increase with productivity but only in the presence of stochastic dispersal.
Temporal beta diversity showed a similar pattern to spatial beta diversity (Fig. 3) . However, the interaction between phosphorus enrichment and dispersal mode was not significant at P , 0.05 (P ¼ 0.066, F 1,56 ¼ 3.52, GLM, quasibinomial errors); time series are displayed in Appendix B: Figure B3 . Analyses run separately for the two dispersal treatments revealed a significant positive relationship between temporal beta diversity and productivity for the sequential dispersal treatment ( Fig. 3 ; P ¼ 0.005, F 1,28 ¼ 9.42, GLM, quasibinomial errors) but not in the simultaneous dispersal treatment ( Fig. 3 ; P ¼ 0.13, F 1,28 ¼ 2.45, GLM, quasibinomial errors). 
FIG. 2. Effects of nutrient enrichment and dispersal mode
on spatial beta diversity. Beta diversity was quantified using multivariate community dispersion distances for each treatment combination. Shown are time-averaged dispersion distances (mean 6 SE) and GLM fits. course of the experiment for the simultaneous dispersal treatments (Fig. 4A-C) and for one dispersal sequence (Fig. 4D-F) . A constant equal to the sampling detection limit was added to population densities with zero values in order to display dynamics on the log scale. Patterns of mean temporal population variability were similar to temporal beta diversity responses (Appendix B: Fig.  B4 ). Mean temporal variability responses to productivity were dependent on dispersal mode (P ¼ 0.04, F 1,56 ¼ 4.43, productivity 3 dispersal interaction, ANCOVA), increasing with productivity in the sequential dispersal treatment (P ¼ 0.024, R 2 ¼ 0.14, linear regression) but showing no relationship in the simultaneous dispersal treatment (P ¼ 0.77, linear regression).
Temporal beta diversity was strongly correlated with multivariate dispersion distances ( Fig. 5A ; R ¼ 0.73, P , 0.0001, Pearson correlation), i.e., communities that experienced higher temporal turnover exhibited greater distance in multivariate space from the group centroid for their treatment combination. Averaging dispersion distances within treatment combinations clarifies that spatial beta diversity (mean dispersion distance) increased as a function of mean temporal beta diversity across treatments ( Fig. 5B ; R ¼ 0.75, P ¼ 0.012, Pearson correlation).
DISCUSSION
My results demonstrate that assembly is a dynamic process in which ecosystem productivity, sequential dispersal, and dispersal history interactively fuel persistent temporal turnover in species composition resulting in compositional variation among communities. Unlike prior investigations (Warren and Weatherby 2006, Houseman et al. 2008) , I found that productivity does not promote beta diversity in the absence of sequential dispersal; community divergence did not increase with productivity when communities experienced simultaneous immigration of species. Instead, increasing nutrient input allows sequential dispersal events to dynamically alter the structure of local communities, inducing temporal turnover and reducing compositional predictability in time. Random variation in dispersal history combines with temporal turnover to produce increasing spatial beta diversity with increasing productivity. This finding suggests that both spatial and temporal components of beta diversity must be considered in order to understand how productivity and enrichment alter the structure of communities.
Two groups of ecological theory can potentially account for my results: dynamic instability and dynamic community assembly. While both predict that variation in dispersal history generates spatial beta diversity with increasing productivity, dynamic assembly models generally predict that temporal beta diversity should only develop in the presence of sequential dispersal. In contrast, models that produce population cycles or chaos with increasing productivity predict increases in temporal compositional turnover regardless of dispersal mode. This was not observed in my experiment. Both temporal beta diversity and mean temporal population variability increased with productivity in the presence of sequential dispersal but showed no significant relationships in the simultaneous dispersal treatment.
The dynamics predicted in Steiner and Leibold (2004) and models of dynamic instability also differ greatly from those predicted by many alternative stable states models in which variation in species relative abundances can drive communities towards different dynamic attractors. Two lines of evidence indicate that this mechanism cannot fully account for my results. First, many conventional alternative states models predict that spatial beta diversity peaks at intermediate productivity levels; in my study, beta diversity exhibited a positive increase with increasing enrichment under sequential dispersal. Second, alternative stable states models predict that temporal turnover in community composition will decline as systems attain their stable end states. Thus, temporal beta diversity in the sequential dispersal treatment should have declined over time in the latter half of the experiment. Although temporal turnover fluctuated over time in my experiment, there was no evidence of a decline in turnover (Appendix B: Fig. B3 ). Linear regressions revealed no significant temporal trends among the productivity levels (all P . 0.20).
While aspects of my experimental results align qualitatively with general predictions from models of dynamic assembly, certain caveats are worth considering. First, assembly models that predict temporal compositional change are commonly built on the assumption that communities attain stable or permanent FIG. 3 . Effects of nutrient enrichment and dispersal mode on temporal beta diversity (temporal compositional turnover).
Temporal turnover between consecutive sample dates was quantified for each community using the Bray-Curtis dissimilarity index. Values were then averaged over time. Shown are treatment means (mean 6 SE) and GLM fits.
FIG. 4.
Representative population dynamics in the simultaneous dispersal treatment (means across all replicates 6 SE; open symbols) and one dispersal sequence from the sequential dispersal treatment (solid symbols). Displayed are log 10 -transformed abundances (individuals per liter) over time at three nutrient enrichment levels spanning the nutrient gradient for the simultaneous dispersal treatment and the sequential dispersal treatment. Arrows below the x-axes show when dispersal events occurred; shown also are the identities of the species that were introduced in the sequential dispersal treatments (Bl is Bosmina longirostris, Cr is Ceriodaphnia reticulata, Cs is Chydorus sphaericus, Dp is Daphnia pulex, Db is Diaphanosoma brachyurum, and Sm is Scapholeberis mucronata). The simultaneous dispersal treatments received all of the species for each dispersal event. A constant equal to the sampling detection limit has been added to zero values.
states between dispersal events (Morton and Law 1997 , Schreiber and Rittenhouse 2004 , Steiner and Leibold 2004 . Given limited time and resources, experimentally attaining such an idealized state is difficult in practice. In my experiment, the interval between dispersal events was long enough to encompass several generations of both zooplankton and phytoplankton. While numerical responses were attained between species introductions, for many species the dynamics of species invasion and decline often played out over multiple dispersal intervals (e.g., Fig. 4F ). Hence, whether communities attained stable or permanent states between dispersal events in my study is certainly questionable. This raises an additional question of whether observed beta diversity patterns were the result of complex transient dynamics induced by the sequential dispersal events. The same mechanisms underlying assembly cycles can theoretically drive transient responses that are nearly identical to assembly-driven compositional change (Schreiber and Rittenhouse 2004) . Such transient responses can produce beta diversity patterns that diminish over time as systems approach their long-term dynamic attractors (Schreiber and Rittenhouse 2004 , Fukami and Nakajima 2011 , 2013 ). As noted above, patterns of temporal turnover in the sequential dispersal treatments showed no trends with time in the latter half of the experiment. However, much longer time series with continued dispersal would be required to more strongly determine whether observed patterns were persistent or transient phenomena.
In addition to effects on beta diversity, productivity and dispersal mode interactively affected species diversity. Time-averaged local diversity exhibited a unimodal relationship with productivity in the presence of simultaneous dispersal, a pattern that is consistent with natural productivity-zooplankton diversity relationships in lakes and ponds (Leibold 1999 , Dodson et al. 2000 . In contrast, sequential dispersal reduced species diversity at intermediate productivity levels relative to the simultaneous dispersal treatment, transforming the relationship with productivity to a negative one. While local diversity may diminish with increasing productivity, models and empirical studies show that increasing spatial beta diversity can maintain high levels of species diversity when measured at larger spatial scales Leibold 2002, Steiner and Leibold 2004) . This can transform productivity-diversity patterns to positive relationships when measured across communities. I found no evidence of such scale-dependence; the relationship between diversity and productivity was not dramatically altered when comparing local and across community measures. One possible reason is that my study used a relatively small number of species, reducing the potential for strongly contrasting diversity patterns at different scales.
The results presented here complement previous experiments that have explored the interactive effects of assembly history and productivity on species diversity (Fukami and Morin 2003 , Chase 2010 , Jiang et al. 2011 . Of these, Chase (2010) and Jiang et al. (2011) examined effects on spatial beta diversity, with only the former uncovering significant increases in compositional dissimilarity with enrichment in aquatic field mesocosms. Unlike my study, however, Chase (2010) found no effects of productivity on temporal beta diversity. One possible explanation is that assembly-driven temporal FIG. 5 . Relationships between temporal beta diversity and multivariate community dispersion. (A) The relationship between community dispersion distances and temporal beta diversity for all communities in all treatment combinations. The linear regression line is shown. Symbols as in Fig. 2 (open symbols correspond to simultaneous dispersal treatments, solid symbols to sequential dispersal). (B) The relationship between spatial beta diversity (mean dispersion distance for each treatment combination 6 SE) and mean temporal beta diversity for each treatment (6SE). The linear regression line is shown. Symbols as in Fig. 1 (open symbols correspond to simultaneous dispersal treatments, solid symbols to sequential dispersal).
turnover is only predicted to operate in communities actively experiencing immigration (Morton and Law 1997, Steiner and Leibold 2004) . Although the experimental system used in Chase (2010) was open to natural overland dispersal, direct manipulations of dispersal were only imposed in the first half of the study before temporal and spatial variation in composition were assessed. Additionally, temporal turnover estimates in Chase (2010) were based on annual surveys of community composition, overlooking intra-annual community dynamics, which can be substantial for some aquatic taxa such as zooplankton and macroinvertebrates (Higgins and Merritt 1999, Steiner 2004) . Thus, temporal turnover may have been masked for some components of the community.
My study underscores the potential importance of dispersal and the stochastic nature of dispersal history as mechanisms that may alter community assembly in enriched environments. When dispersal does not occur simultaneously by species from regional source pools, temporal turnover and random variation in the identity of immigrating species can jointly reduce compositional predictability in space. The experimental system I utilized is clearly a highly simplified representation of an aquatic community and meant only as an arena for the testing of theoretical predictions. However, this work augments a growing body of research highlighting the importance of stochastic drivers of biodiversity (Chase and Leibold 2002 , Fukami and Morin 2003 , MacDougall et al. 2008 , Chase 2010 , Chase and Myers 2011 and may serve as a guide for future research endeavors. Nutrient pollution is widely regarded as a major threat to our planet's biota, one whose influence reaches across biomes and is predicted to increase greatly in the near future (Millennium Ecosystem Assessment 2005) . The negative impacts of excessive nitrogen and phosphorus enrichment on local diversity are now widely appreciated, but their effects on beta diversity have only recently been addressed. My results add to a growing consensus that nutrient enrichment not only has the capacity to reduce local diversity but can decrease the predictability of species composition among communities. More importantly, my findings indicate that there is a significant temporal component to this phenomenon. Hence, compositional predictability is reduced in both space and time. Whether temporal compositional turnover increases with productivity or enrichment in natural communities remains largely unexplored. Further examination of these processes in field settings could contribute greatly to our understanding of the dynamic nature of community organization. ACKNOWLEDGMENTS I am grateful to Laith Shaman, Mariela Tyler, Nawar Sileewa, Darrin Hunt, Dominik Ochochinski, Hussein Sabbagh, Mirvat Bazzi, Heather Dickow, and Heather Siersma for assistance with the experiment. E. Grman, M. Leibold, and three anonymous reviewers provided helpful comments on the manuscript. This research was supported by NSF grant DEB-0951495 to the author.
